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the layer. However, this stage could be identiﬁed by the ini-
tial roughening of the interface that was observed when the
single-crystal silicon of the wafer initially grew epitaxially
through the holes in the interfacial oxide and into the poly-
silicon layer. The TEM images directly showed the subse-
quent stages of the oxide breakup and epitaxial regrowth.
III. RESULTS
A. Structures
TEM showed that the deposited polysilicon layers gen-
erally consisted of columnar grains 10–20 nm across. The
surfaces of the layers ranged from relatively smooth to
slightly rough and there were sometimes surface pits. When
the layers were implanted with F1 plus As1 ~F specimens!
or As1 only ~NF specimens!, the upper part of the layer was
amorphized from the surface to depths of 175 and 105 nm,
respectively. On annealing, the amorphous material rapidly
crystallized, giving irregular grains. In general, as annealing
proceeded, for the 850 and 950°C F specimens, the grains in
the upper part of the layer were equiaxed and increased to
;150 nm while the columnar grains in the lower part in-
creased to 25–40 nm across. For the 1015 and 1065°C
specimens, all of the grains were equiaxed and increased to
;150 nm.
Figure 1~a!–1~d! show sheet resistance as a function of
anneal time for 850, 950, 1015, and 1065°C anneals, respec-
tively @Figs. 1~e!–1~h! are discussed later and are included in
Fig. 1 for direct comparison with Figs. 1~a!–1~d!#. It is gen-
erally considered that the slow decrease in resistance that
sometimes occurs initially, e.g., for the whole of the 850°C
NF curve, is mainly due to a slow increase in the electrical
activation of the arsenic in the polysilicon grains together
with a decrease in the number of grain boundaries arising
from grain growth, these boundaries acting as potential bar-
riers. The fast decrease in resistance that sometimes occurs
subsequently, e.g., for the middle part of the 850°C F curve,
is due to epitaxial regrowth of the polysilicon. The redistri-
bution of silicon and arsenic atoms at the growth front in-
creases the activation of the arsenic that was present in the
grains and the elimination of the grain boundaries removes
the potential barriers and makes additional arsenic available
for activation.
For the 850°C NF specimens, the slow decrease in re-
sistance up to 28800 s indicates no regrowth. For the 850°C
F specimens, the slow decrease in resistance up to 8400 s
indicates no regrowth, the fast decrease from 8400 to 9000 s
indicates signiﬁcant regrowth, and the slow decrease from
9000 to 28800 s indicates little further regrowth. Using a
similar procedure for the higher temperature anneals, the fol-
lowing behaviors can be deduced. For 950°C, the NF speci-
mens are not regrown up to 300 s whereas the F specimens
are regrown after 80 s. For 1015°C, the NF specimens are
regrown after 90 s and the F specimens after 45 s. For
1065°C, the NF specimens are regrown after 60 s and the F
specimens after 7 s.
TEM examinations showed that, for the 950°C F speci-
mens annealed for 10 s @Fig. 2~a!#, no interfacial oxide
breakup or polysilicon layer regrowth was observed. For an
anneal of 30 s, the oxide was beginning to break up and
small areas of regrowth extending into the polysilicon were
FIG. 1. Polysilicon layers implanted with either 131016 cm22 F1 and 131016 cm22 As1 ~F specimens! or 131016 cm22 As1 only ~NF specimens! and
annealed at 850, 950, 1015, and 1065 °C. Sheet resistance @~a!–~d!# and the amount ~average fractional volume expressed as a percentage! of polysilicon
epitaxially regrown to single-crystal silicon @~e!–~h!# as a function of the anneal time. For each temperature the sheet resistance graph is above the regrowth
graph and the resistance and regrowth graphs have the same time scales to facilitate comparisons.
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broken up and the small local areas of regrowth extended up
to 45 nm into the polysilicon. This regrowth was pinned to
the interfacial oxide and corresponded to a layer regrowth of
3% ~the average fractional volume of the polysilicon layer
regrown to single-crystal silicon deduced from the TEM im-
ages!. For a 120 s anneal @Fig. 2~c!#, the regrown polysilicon
was no longer pinned to the interfacial oxide, there was a
single wavy polysilicon/silicon growth front, and the re-
growth was 40%. This behavior where the growth front has
completely broken away from the oxide while no local re-
gion of the growth front is further than approximately half-
way to the surface is termed here ‘‘parallel’’ regrowth. A
lower magniﬁcation micrograph of this specimen which bet-
ter illustrates parallel regrowth is shown in Fig. 3~a!. For a
300 s anneal @Fig. 2~d!#, some areas of regrowth extended to
the polysilicon layer surface and the regrowth was 85%. For
a 1800 s anneal the regrowth was 97%. The last small areas
of the polysilicon adjacent to the layer surface were slow to
regrow. During the regrowth, inclined stacking faults and
twins formed in the single-crystal material and had number
densities of typically 109–10 10cm22 ~calculated for plan
view!. For the 950°C NF specimens annealed for 60 s, no
oxide breakup or polysilicon regrowth was observed. For
anneals of 180, 900, and 1800 s, the oxide was broken up
and the regrowths were 0.2%, 0.5%, and 1.0%, respectively.
For the 850°C F specimens, the regrowth sequences
were similar to those of the 950°C F specimens, but with
longer time scales. For the 1015°C F and NF specimens and
the 1065°C NF specimens, there were large variations in the
amounts of regrowth along the interface. In some regions
where regrowth started in a local area, it rapidly continued
and often reached the polysilicon layer surface before any
signiﬁcant regrowth had occurred in the adjacent local areas.
Here this behavior is called ‘‘perpendicular’’ regrowth. Fig-
ure 3~b! shows this regrowth for a 1015°C NF specimen
annealed for 75 s. For the 1065°C F specimens, the regrowth
occurred so rapidly that with the specimens available it was
not possible to observe the intermediate stages of the re-
growth sequence.
TEM showed for all of the specimens, except the 850
and 950°C NF specimens, that the interfacial oxide layer
progressively broke up during the annealing to give an array
of small defects along the interface. These defects in a
950°C F specimen annealed for 180 s ~70% regrowth! are
shown in Fig. 4~a! and a defect in a 950°C F specimen
annealed for 900 s ~90% regrowth! is shown in the inset
~defects present in regrown single-crystal silicon!. The defect
contrast, i.e., bright or dark, depends on the depth of the
defect in the TEM thin foil specimen. For the 950°C F speci-
FIG. 2. Cross-sectional TEM micrographs of F specimens annealed at
950 °C for ~a! 10, ~b! 60, ~c! 120, and ~d! 300 s showing progressive stages
of interfacial oxide breakup and polysilicon epitaxial regrowth ~P
5polysilicon, O5oxide, OP5oxide particles, D5stacking faults and twins,
T5thickness fringes from inclined silicon/polysilicon boundary,
S5surface!.
FIG. 3. Cross-sectional TEM micrographs showing ~a! parallel polysilicon
epitaxial regrowth, F specimen annealed at 950 °C for 120 s and ~b! perpen-
dicular polysilicon epitaxial regrowth, NF specimen annealed at 1015 °C for
75 s ~I5position of original polysilicon layer/silicon wafer interface,
P5polysilicon, S5surface!.
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defect sizes were 8, 10, 16, and 16 nm, respectively, and the
larger defects were faceted. These interfacial defects oc-
curred in both the F and NF specimens and are considered to
be some form of oxide particle.
In order to assess the separate effects of ﬂuorine and
arsenic on the initial breakup of the interfacial oxide and the
initial regrowth of the polysilicon layer during annealing, a
comparison was made of undoped polysilicon layers that
were either not implanted, implanted with As1 only, im-
planted with F1 only, or implanted with F1 plus As1. TEM
showed that, compared with the unimplanted layers, the ini-
tial breakup and regrowth were increased by the As1 only,
the increases were greater for the F1 only, and they were
much greater for the F1 plus As1.
For the F specimens, a band of small defects arose in the
layer during annealing. The defects formed in the polysili-
con, increased in size, and the increase continued in the re-
grown single-crystal silicon. For the 950°C F specimens, for
a 60 s anneal ~3% regrowth!, the defects were irregular in
shape with sizes ranging from typically 5 to 30 nm and the
larger defects occurred in the middle of the band, i.e., at a
depth of ;130 nm @Fig. 4~b! shows defects present in poly-
crystalline silicon#. For a 300 s anneal ~85% regrowth!, the
defect sizes ranged from typically 15 to 30 nm @the inset in
Fig. 4~b! shows defects present in regrown single-crystal sili-
con#. For a 180 s anneal ~70% regrowth!, these defects oc-
curred in the polysilicon, at the polysilicon/single-crystal
silicon growth front, and in the regrown single-crystal silicon
@Fig. 4~c!#. These defects in the regrown single-crystal sili-
con were faceted. For these defects at the growth front, the
surfaces of the individual defects protruding into the regrown
single-crystal silicon were faceted. For anneals of 10, 60,
120, and 300 s, the average defect sizes were 4, 17, 20, and
22 nm, respectively, and the number densities were 80, 5, 4,
and 231010cm22, respectively ~referred to as plan view!.I n
addition, the depths of the upper boundary of the defect band
were 30, 40, 60, and 85 nm, respectively, while the depths of
the lower boundary were closely constant at 235 nm, i.e., the
width of the defect band progressively decreased. Similar
bands of defects occurred in the F specimens annealed at
850, 1015, and 1065°C. However, these defects did not oc-
cur in the NF specimens and hence they are considered to be
associated with the presence of the ﬂuorine. These defects
could be solid particles, liquid droplets, or gaseous bubbles
and we shall initially refer to them as ﬂuorine inclusions.
The amounts of regrowth determined from TEM for the
F and NF specimens annealed at 850, 950, 1015, and
1065°C are plotted as a function of anneal time in Figs.
1~e!–1~h!. In general, each curve shows three successive
stages of regrowth corresponding to slow, fast, and slow re-
growth. Exceptions are that for the 850°C NF specimens,
there is no regrowth, while for the 950°C NF specimens,
only part of stage 1 occurs. The TEM structural results show
that stage 1 corresponds to the initial interfacial oxide
breakup and the initial polysilicon layer regrowth which is
pinned to the interfacial oxide. For the 850 and 950°C F
specimens, stage 2 corresponds to rapid parallel regrowth.
For the 850°C F specimens, stage 3 corresponds to the re-
growth front being signiﬁcantly slowed down by the band of
inclusions in the polysilicon layer. For the 950°C F speci-
mens, stage 3 corresponds to the front being slowed down
initially by the inclusions and then by a ‘‘surface’’ mecha-
nism @the latter based on specimens annealed for times up to
1800 s, not shown in Fig. 1~f!#. For the 1015°C F and NF
specimens and the 1065°C NF specimens, stage 2 corre-
sponds to rapid perpendicular regrowth, with the amount of
the growth front pinned to the interfacial oxide progressively
decreasing as the anneal time increases. For these latter three
sets of specimens and the 1065°C F specimens, stage 3 cor-
FIG. 4. Cross-sectional TEM micrographs of F specimens annealed at
950 °C for ~a! faceted interfacial oxide particles after annealing for 180 s
~shown by arrows!~ the inset is after 900 s!, ~b! inclusions ~shown by ar-
rows! present in a band ~between dark lines! in the polysilicon after anneal-
ing for 60 s @the inset shows faceted inclusions ~indicated by arrows! in
regrown single crystal silicon after annealing for 300 s#, and ~c! inclusions at
the polysilicon/silicon growth front ~shown by arrows! and also in the poly-
silicon and regrown silicon, after annealing for 180 s ~OP5interfacial oxide
particles, D5stacking faults and twins, S5surface!.
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nism may be associated with the pinning of the growth front
by either surface pits or impurities swept to the surface re-
gion by the growth front.
The main effect of the ﬂuorine is to decrease the time for
stage 1. For example, TEM shows that the initial breakup of
the interfacial oxide, which corresponds to a regrowth of
;0.1%, takes ;20 s for the 950°C F specimens compared
with ;150 s for the 950°C NF specimens, a decrease of
;83. The initial regrowth of the polysilicon for the 1015°C
F specimens is also signiﬁcantly faster than for the 1015°C
NF specimens, and similarly for the 1065°C F and NF speci-
mens. For the F specimens annealed at 850, 950, 1015, and
1065°C, the TEM times for complete regrowth ~.90%! are
.28800, 900, 45, and 8 s, respectively. The corresponding
times deduced from resistivity measurements were similar to
the TEM times for the 1015 and 1065°C anneals, but were
less than the TEM times for the 850 and 950°C anneals. The
reasons for this discrepancy will be discussed in Sec. IV.
A comparison was made of the regrowths occurring for
the 950°C F specimens when the initial silicon wafers had
been given either HF or RCA surface treatments. TEM
showed that the amounts of regrowth upon going from 10 to
300 s were insigniﬁcantly different for the two treatments
~Fig. 5!. A similar result was obtained for the 850°C F speci-
mens upon going from 1800 to 28800 s. This result indicates
that, when ﬂuorine is present, the original thickness of the
interfacial oxide, e.g., 0.6 nm for HF and 1.4 nm for RCA
surface treatments,
1 has little effect on the time required to
break up the interfacial oxide. This is not the case when
ﬂuorine is not present, with the breakup taking a longer time
for the RCA treatment.
1 Hence in Figs. 1~e!–1~h!, for the F
specimens the regrowth curves at the different temperatures
can be directly compared, even though the 850 and 950°C
anneals were for HF specimens and the 1015 and 1065°C
anneals were for RCA specimens. For the NF specimens this
is not the case since the amount of regrowth depends both on
the temperature and the surface treatment. Analogous con-
siderations apply to Figs. 1~a!–1~d!.
B. Fluorine and arsenic distributions
Figure 6~a! shows SIMS ﬂuorine concentration proﬁles
for the F specimens as implanted and annealed at 950°C for
different times. For the as-implanted specimen, there is a
broad peak in the layer at a concentration of 7.5
31020cm23 and a depth of 95 nm. For a 2 s anneal, this
layer peak has shifted deeper to 130 nm and some ﬂuorine
has reached the interface, where a narrow peak occurs at a
depth of 320 nm. From 10 to 300 s, the layer peak concen-
tration progressively decreases to 431020cm23 with its
maximum remaining at 130 nm, whereas the interface peak
concentration increases to 1.031021cm23 for a 60 s anneal
and then remains constant. For the 2 and 10 s anneals, pro-
nounced shoulders occur at a depth of 45 nm on the layer
peak. For the annealed specimens, the position of the broad
layer peak corresponds closely to the observed depth of the
band of inclusions. The side of the layer peak nearer the
surface progressively moves deeper into the layer, i.e., there
is a progressive loss of ﬂuorine from this region of the layer,
while the side nearer the interface remains at the same depth.
For all anneal times, the layer and interface peaks remain
separate. These ﬂuorine proﬁles cannot be explained by stan-
dard diffusion behavior.
Figure 6~b! shows SIMS arsenic concentration proﬁles
for the F specimens as implanted and annealed at 950°C in
Fig. 6~a!. For the as-implanted specimen, there is a layer
peak at a concentration of 1.831021cm23 and a depth of
FIG. 5. F specimens annealed at 950 °C. The amount of regrowth of the
polysilicon layer to single-crystal silicon for the initial silicon wafers given
either HF or RCA surface treatments.
FIG. 6. F specimens as implanted and annealed at 950 °C. SIMS concen-
tration proﬁles as implanted ~0s ! and for anneals of 2, 10, 60, 120, and 300
s for ~a! ﬂuorine and ~b! arsenic.
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creased and the arsenic has penetrated further into the poly-
silicon layer. For a 10 s anneal, the peak concentration has
further decreased and some arsenic has reached the interface,
where a small narrow peak occurs at a depth of 320 nm.
From 60 to 300 s the layer peak at 45 nm is replaced by a
layer peak at 130 nm which increases to a concentration of
531020cm23. The interface peak increases to a concentra-
tion of 731020cm23 at 60 s and then remains constant. For
an anneal of 300 s, there is arsenic penetration into the un-
derlying silicon wafer. These arsenic proﬁles can be ex-
plained by standard arsenic diffusion behavior in
polysilicon
23–25 modiﬁed by arsenic segregation at the layer
ﬂuorine inclusions and the interfacial oxide.
Fluorine and arsenic integrated doses for the interface
and the polysilicon layer of the F specimens annealed at
950°C are shown in Table I. The interface arsenic doses for
the longer anneal times include the arsenic tails that extend
into the underlying silicon wafer. From 0 to 300 s, the inter-
face ﬂuorine dose progressively increases from 0 to 1.4
31015cm22, the layer ﬂuorine dose progressively decreases
from 131016 to 3.431015cm22 and the sum of these two
doses progressively decreases from 131016 to 4.8
31015cm22. This progressive loss of ﬂuorine from the
specimen, taken as the implanted ﬂuorine dose of 1
31016cm22 minus the sum of the interface and layer ﬂuo-
rine doses, is considered to be due to ﬂuorine gettering by
the oxide capping layer and possibly ﬂuorine diffusion
through the interface oxide and into the silicon wafer. From
0 to 4 s the interface arsenic dose is zero, from 10 to 60 s it
increases rapidly from 1.431014 to 1.431015cm22, and
from 120 to 300 s it increases slowly from 1.8 to 2.2
31015cm22. From 0 to 300 s, the layer arsenic dose pro-
gressively decreases from 131016 to 7.731015cm22. There
is no signiﬁcant loss of arsenic from the specimen. Figure 7
shows the ﬂuorine and arsenic doses at the interface from 0
to 60 s.
IV. DISCUSSION
We ﬁrst consider the F specimens and the roles played
by the ﬂuorine and arsenic in the initial breakup of the inter-
facial oxide, which corresponds to ;0.1% polysilicon layer
regrowth ~ﬁrst part of stage 1!. Upon annealing at 950°C,
TEM shows that this initial breakup corresponds to ;20 s.
SIMS shows that ﬂuorine arrives at the interface before 2 s
and arsenic arrives between 4 and 10 s ~Fig. 7 and Table I!.
The interface ﬂuorine and arsenic doses subsequently in-
crease with the arsenic dose becoming larger than the ﬂuo-
rine dose after 30 s. These results indicate that the increase in
the oxide breakup of the F specimens is due to the ﬂuorine
acting initially on its own and subsequently in combination
with the arsenic. Although ﬂuorine and arsenic concentra-
tions were only determined for 950°C, it is likely that analo-
gous behavior occurs at 850, 1015, and 1065°C.
The oxide breakup sequence consists of a progressive
structural change from a thin oxide sheet to an array of dis-
crete oxide particles. This is generally considered to be
driven by the progressive decrease in the total area of the
oxide/silicon interface, and hence in the total oxide/silicon
interfacial energy ~here silicon means single-crystal silicon
and polysilicon!. These structural changes in the oxide occur
by bulk diffusion in both the oxide and the adjacent silicon
together with surface diffusion at the oxide/silicon interface.
We now suggest a number of mechanisms to explain
why the ﬂuorine increases the breakup of the interfacial ox-
ide. These are based partly on mechanisms suggested previ-
ously by other workers to explain the thermal oxidation of
silicon
26–30 and partly on some of our previous interfacial
oxide annealing results.
31
FIG. 7. F specimens annealed at 950 °C. Integrated ﬂuorine ~F! and arsenic
~As! doses at the polysilicon/silicon interface as a function of anneal time.
TABLE I. Fluorine specimens annealed at 950 °C. Amount ~%! of the polysilicon layer regrown to single-crystal silicon and the integrated ﬂuorine ~F! and
arsenic ~As! doses in the layer and at the interface. The F and As integrated doses are also expressed as a percentage of the implanted doses ~implanted doses
F5131016 cm22 and As5131016 cm22!.
Anneal
time
~s!
Regrowth
of layer
~%!
F in layer F at interface F total As in layer As at interface As total
~cm22!~ %!~ cm22!~ %!~ cm22!~ %!~ cm22!~ %!~ cm22!~ %!~ cm22!~ %!
001 31016 100 0 0 131016 100 131016 100 0 0 131016 100
2 0 8.931015 89 1.531014 1.5 931015 90 131016 100 0 0 131016 100
4 0 8.331015 83 2.031014 2.0 8.531015 85 131016 100 0 0 131016 100
10 ,0.1 7.931015 79 3.931014 3.9 8.331015 83 9.931015 99 1.431014 1.4 131016 100
60 3 6.531015 65 1.031015 10 7.531015 75 8.631015 86 1.431015 14 131016 100
120 40 5.531015 55 1.231015 12 6.731015 67 8.231015 82 1.831015 18 131016 100
300 85 3.431015 34 1.431015 14 4.831015 48 7.731015 77 2.231015 22 9.931015 99
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arsenic dose increases, i.e., arsenic is transferred from the
upper to the middle and lower parts of the layer. From 60 to
120 s, the arsenic concentration in the lower part of the layer
decreases whereas the layer arsenic peak at 130 nm becomes
larger, i.e., arsenic is transferred back from the lower to the
middle part of the layer. From 120 to 300 s, the arsenic
distribution changes but only by a small amount.
The suggested reasons for the above are as follows.
From 10 to 60 s, arsenic diffuses down the polysilicon grain
boundaries to the interface. For a 60 s anneal, the polysilicon
layer regrowth ~average! is 3% ~see arrow in Fig. 8! and
many of the grain boundaries still extend to the interface. For
a 120 s anneal, the regrowth is 40% and grain boundaries no
longer extended to the interface. Consequently, upon going
from 60 to 120 s, the arsenic fast diffusion path down the
grain boundaries to the interface is progressively cutoff. Ar-
senic continues to arrive at the interface but at a slower rate
~Table I!. The moving growth front sweeps some of the ar-
senic ahead of it from the lower part of the layer towards the
middle part. This arsenic is readily swept up in the lower part
of the layer because there are no ﬂuorine inclusions there to
retain it. When this arsenic reaches the middle part of the
layer, some of it segregates at the ﬂuorine inclusions and this
gives the increased peak at 130 nm. For a 300 s anneal, the
regrowth is 85%. However, the arsenic is not readily swept
from the middle to the upper part of the layer because most
of it is retained by the ﬂuorine inclusions, and so there is
little further change in the arsenic distribution. The SIMS
ﬂuorine proﬁles of the F specimens @Fig. 6~a!# show no evi-
dence of the sweeping of ﬂuorine towards the surface as the
polysilicon/silicon regrowth front moves.
With regard to the formation of the ﬂuorine inclusions
during annealing of the F specimens, it is considered that,
due to the high concentrations of ﬂuorine and arsenic and the
large number of point defects present in the grains, small
clusters and complexes form in a band centered at a depth of
;130 nm. Fluorine rapidly diffuses and is trapped by these
defects and this initiates the ﬂuorine inclusion band. Fluorine
is rapidly released and trapped by the ﬂuorine inclusions.
The inclusions grow by Ostwald ripening but progressively
lose ﬂuorine to the interfacial oxide, the surface oxide cap-
ping layer, and possibly also the silicon wafer. The SIMS
proﬁles in Fig. 6~a! do not show ﬂuorine at the oxide capping
layer because it was removed prior to the SIMS measure-
ments.
The TEM results showed that the position of the ﬂuorine
inclusion band depended on the anneal time ~Table II! and
the temperature. For 950°C, the ﬂuorine concentrations at
the position of the upper boundary of the band, taken from
the individual SIMS proﬁles in Fig. 6~a!, were all in the
range of 4–5.531019cm23, and at the lower boundary were
all in the range of 2–631019cm23 ~Table II!. Similar con-
centrations at the edges of the bands for all the times are
characteristic of a precipitation process.
For these 950°C F specimens, the upper boundary of the
band of ﬂuorine inclusions moves deeper into the layer due
to progressive loss of ﬂuorine from this region. For anneals
of 2 and 10 s, a pronounced shoulder occurs on the ﬂuorine
proﬁles at a depth of 45 nm @Fig. 6~a!#, which corresponds to
the depth of the main peak of the arsenic proﬁles @Fig. 6~b!#.
For anneals of 60 s and longer, these ﬂuorine shoulders and
arsenic peaks do not occur or are small. This suggests that
there is an association between the ﬂuorine and arsenic for
high arsenic concentrations and so more ﬂuorine is retained.
The mechanism for this may be that arsenic clusters form at
a depth of 45 nm and trap ﬂuorine. This additional ﬂuorine is
responsible for the shoulders and these arsenic/ﬂuorine de-
fects are more stable when the local arsenic concentration
@Fig. 6~b!# is above or close to the 950°C arsenic solubility
limit in silicon of ;131021cm23. Conversely, upon anneal-
ing, the lower boundary of the inclusion band does not move
signiﬁcantly. The suggested reason is that the initiating de-
fects for the inclusions in this region are the ion implantation
end-of-range defects that are considered to be present imme-
diately beneath the amorphous/polysilicon interface which
occurred at a depth of 175 nm. These defects may be more
stable than the other initiating defects and so most of the
ﬂuorine in this region is retained.
For these specimens, from the sizes and number densi-
ties of the inclusions determined by TEM ~Sec. IIIA!, the
total volume of the inclusions in each band was calculated
and converted to the total number of silicon vacancies, as-
suming that the inclusions were voids. This was then com-
pared with the total number of ﬂuorine atoms in the band
obtained from the SIMS ﬂuorine doses of Table I. For an-
neals of 10, 60, 120, and 300 s, the silicon vacancy/ﬂuorine
atom ratios were ;0.1, 1.1, 1.4, and 2, respectively. If most
of the ﬂuorine is in the inclusions, as seems likely, then these
ratios would indicate that the inclusions contain closely
packed ﬂuorine atoms. This suggests that the inclusions are
not ﬂuorine bubbles but could be ﬂuorine precipitate
particles.
Other workers have used TEM and transmission electron
diffraction ~TED! to investigate metals and semiconductors
implanted with high doses of rare gases and then annealed,
e.g., copper, nickel, and gold implanted with Kr1 ~Ref. 38!
and aluminum and silicon implanted with Xe1.
39 The ex-
perimental results directly showed that what had previously
been considered to be gas bubbles were crystalline particles
or liquid droplets of the implanted element, with the physical
state depending on the temperature and internal pressure.
Thermodynamical calculations were in agreement with the
experimental results.
39 For the ﬂuorine inclusions of the
TABLE II. F specimens annealed at 950 °C. Shown are the depths of the
edges of the inclusions bands, the ﬂuorine concentration at these depths, and
the widths of the inclusion bands.
Anneal
time
~s!
Upper edge of inclusion
band
Lower edge of inclusion
band
Width of
inclusion
band
~nm!
Depth
~nm!
Fluorine
concentration
~cm23!
Depth
~nm!
Fluorine
concentration
~cm23!
10 30 5.531019 235 2–631019 205
60 40 531019 235 2–631019 195
120 60 431019 230 2–631019 170
300 85 531019 240 2–631019 155
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room temperature did not reveal evidence of their crystallin-
ity. However, the inclusions could be amorphous particles or
liquid droplets. Further work is required to clarify this.
With regard to the sheet resistance method, the times for
the polysilicon layers to be mostly regrown for the 850, 950,
1015, and 1065°C F specimens were deduced from the
change in slope of the resistance curves @Figs. 1~a!–1~d!# to
be 9000, 80, 45, and 7 s, respectively. TEM showed that the
regrowths for these temperatures and times for the 850, 950,
1015, and 1065°C F specimens were 40%, 35%, 90%, and
95%, respectively. Hence for the two lower temperatures
there is a discrepancy between the sheet resistance and TEM
methods in determining the time at which the polysilicon
layer is mostly regrown. The reason for this discrepancy is
now considered.
For sheet resistivity measurements, the current ﬂow is
mainly parallel to the specimen surface. For the 850°C F
specimens, as the regrowth proceeds, a channel of single-
crystal material parallel to the interface forms ~parallel re-
growth!; this has a lower resistivity than the polysilicon layer
above and the silicon wafer below, so the sheet resistance
decreases rapidly. However, when the regrowth is 40%, the
polysilicon/silicon regrowth front reaches the inclusion band
and the inclusions signiﬁcantly slow down the advancing
growth front, so the sheet resistance subsequently slowly de-
creases. Consequently, the resistance method predicts that
the polysilicon is mostly regrown when the regrowth is only
40%. For the 950°C F specimens, similar behavior occurs
although the slowing of the growth front by the inclusions is
less pronounced.
For the 1015°C F specimens, the inclusions have little
effect on slowing the growth front, so a rapid decrease in
sheet resistivity corresponding to most of the regrowth range
might be expected. However, in many regions perpendicular
regrowth occurs, so the current ﬂow parallel to the specimen
surface has to cross alternating regions of regrown and un-
regrown material. As annealing proceeds, the width of the
regrown regions progressively increases, so the sheet resis-
tance progressively decreases. A regrown channel parallel to
the interface and free from grain boundaries does not form
until the polysilicon is mostly regrown. Consequently, the
resistance method correctly predicts when the polysilicon is
mostly regrown although the slope of the resistance curve
changes gradually rather than abruptly. A more detailed
analysis of these parallel and perpendicular regrowth behav-
iors will be reported at a later date.
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For the 1065°C F specimens, the inclusions have virtu-
ally no effect on slowing the growth front. Furthermore, the
regrowth is so rapid that, upon going from 2 to 7 s ~no
intermediate specimens were available!, the polysilicon com-
pletely regrows. Consequently, the resistance decreases rap-
idly from 2 to 7 s and slowly thereafter, so the resistance
method correctly predicts when the polysilicon is mostly re-
grown.
With regard to the effects of the initial wafer clean on
the subsequent polysilicon regrowth behaviors, some pos-
sible mechanisms are as follows. For F specimens, the inter-
facial oxide is broken up rapidly for both the HF clean ~thin
oxide! and the RCA clean ~thick oxide!, so these surface
treatments do not signiﬁcantly affect the polysilicon layer
regrowth times ~Fig. 5!. Conversely, for NF specimens, the
oxide is broken up slowly and it takes longer for the thicker
RCA oxide than the thinner HF oxide, so for the RCA oxide
the initial polysilicon regrowth starts later. In addition, the
larger volume of the RCA oxide present at the interface in-
creases the time for the polysilicon/silicon growth front to
break away from the oxide, so the initial regrowth also takes
longer. From these results it follows for F specimens that any
variations that may be present in the initial interfacial oxide
thickness across individual wafers will not signiﬁcantly af-
fect the subsequent polysilicon regrowth or the polysilicon
emitter bipolar transistor characteristics.
From the bipolar point of view, the annealing ~emitter
drive-in! conditions are often selected so as to use the lowest
thermal budget that will give a low emitter resistance. This
occurs when the interfacial oxide is partly broken up and the
amount of epitaxial regrowth is ;1% ~Ref. 9!~ case B, Sec.
TABLE III. Anneal times required to give 1% and 50% regrowth of the
polysilicon layer for NF and F specimens for anneal temperatures of 850,
950, 1015, and 1065 °C.
Specimen
Anneal
temperature
~°C!
Anneal time ~s!
1% regrowth 50% regrowth
NF 850 .28 800 .28 800
NF 950 1800 .1800
NF 1015 30 80
NF 1065 15 65
F 850 3600 17 000
F 950 45 150
F 1015 6 20
F 1065 3 5
TABLE IV. Anneal temperatures, deduced from the results of Table III, required to give 1% and 50% poly-
silicon regrowth for NF and F specimens for anneal times of 30, 300, and 3000 s.
Specimen
Anneal temperatures ~°C! required for
1% regrowth and
different anneal times
Anneal temperatures ~°C! required for
50% regrowth and
different anneal times
30 s 300 s 3000 s 30 s 300 s 3000 s
NF 1015 975 940 .1065 990 955
F 960 905 855 1000 935 880
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